We show theoretically that polarization instability can be observed in planar optical waveguides. Such instability would lead to energy exchange between the spatial solitons associated with the TEo and TMo waveguide modes as well as to amplitude-modulation gain, which was recently observed in an optical-fiber geometry.
Two recently reported sets of experiments 1 ' 2 have confirmed theoretical predictions made several years ago. 3 ' 4 The first of these, by Aitchison et al., 1 using visible radiation, is the observation of spatial solitons in planar optical waveguides following earlier experiments with 10.6-ptm radiation by others. 5 These solitons arise from the balancing of diffraction in the waveguide plane, with the effect of a self-focusing nonlinearity. As a result, the transverse mode profile attains a sech-like shape, which is invariant under propagation. 3 The second set of experiments, by Feldman et al., 2 confirms a predicted asymmetry between the fast and slow modes in a birefringent optical fiber when nonlinear effects are included: the fast mode is unstable, and on propagation its energy transfers to the slow mode. This polarization instability occurs when the linear birefringence is approximately canceled by a nonlinearity, so that the resulting beat length diverges. 6 First studied theoretically in the stationary limit by Winful in 1985,4 the full time dependence was later investigated by Blow et al. 7 The recent experiments 2 demonstrate that amplitudemodulation gain occurs: a modulated input pulse can give rise to an output pulse with a modulation depth that is a factor of 6 larger. Here we consider the possibility of observing polarization instability by using spatial solitons in a planar waveguide, where the role of the slow and fast modes would of course be played by waveguide modes. In such a geometry, an amplitude-modulation gain analogous to that observed in the fiber experiments might have exciting applications in waveguide optical amplifiers of integrated all-optical switching circuits. It should be mentioned that this instability is also expected to occur in rib waveguides. However, since the mode profiles are fixed now, this would correspond to the stationary limit (see above) of the general problem.
Some indication of such an instability can be gleaned from the recent numerical experiments of Hayata et al. 8 But since those authors rely on detailed solutions of the full Maxwell equations, it is not easy to extract from their results the general criteria necessary for the observation of such an instability. Here we are able to do so by using the waveguide mode amplitudelf nta ouir dynamical variables and casting the equations into a form similar to those describing mode propagation in a birefringent optical fiber. The results of investigations of that problem may then immediately be carried over to the waveguide geometry.
It should be noted that the details of the waveguide structure determine which of the two modes is fast and which is slow. In waveguides made of isotropic materials, TEO is always the slowest mode. 9 But certain waveguide fabrication processes, including the Na+ K+ ion exchange in glass used for the waveguides in which the spatial solitons were observed,' result in internal stresses in the guiding region, in turn inducing birefringence.
0 " ,1 As a consequence, it is TEO that is the fast mode in such waveguides,10"' rendering it unstable at high power levels. 6 Typically this material birefringence, Anem, amounts to -20% of the total index change resulting from the ion exchange, An.10 The latter is estimated in the experiments of Aitchison' to be An = 0.007, so that Anem -0.0015. To derive equations of motion for the propagation of the TEo(e) and TMo(m) modes in a nonlinear planar optical waveguide, we use coupled-mode theory. 9 Using results from a previous study,1 2 (2) where Q is the wave number of the radiation in vacuum, n ( 2 ) is the nonlinear refractive index (say, in units of square meters per watt), and deff is an effective nonlinear waveguide thickness that is independent of the normalization; in analogy to the effective area of optical fibers' 5 we define deff as
where N is the mode index. 9 The function f in Eq. (3), the mode profile, is integrated in the direction perpendicular to the plane of the waveguide. Consistent with the approximations above, deff is taken to be identical for the two waveguide modes under consideration. Equations (2) are the standard equations to describe polarization instability, 7 "1 5 and it thus follows that the polarization dynamics of the TEo and TMo modes in optical waveguides is identical to that of the lowest-order modes in a birefringent optical fiber. Theoretical results obtained for the latter geometry, which include steady-state 4 as well as solitarywave'
6 "1 7 solutions of Eqs. (2), thus immediately carry over. In general, however, Eqs. (2) have to be solved numerically, for example, by using a split-step method. 7 Note also that if either of the mode amplitudes vanishes, the other mode satisfies the nonlinear Schrodinger equation, the limit experimentally investigated in Ref. 1 . Having demonstrated that the TEO and TMo modes in a planar waveguide should in general exhibit polarization instability, we now establish some criteria for the instability to be observed in the laboratory. To estimate the onset of the polarization instability we first define an effective transverse width Weff of the mode profile: so that the nonlinearity roughly cancels the linear birefringence. 6 Note that in writing this equation we assume that the TEO and TMo modes have similar profiles, so that the difference in mode index can be approximated by the linear materials' birefringence Anfem. Numerical simulations have shown this to be a good approximation as long as Alnem in the ion-exchanged waveguide exceeds _10-4. Equation (5) shows that as expected the required power is proportional to Anem. Another important parameter is the length L (in the z direction) over which the instability develops. Clearly, if the system's length is much smaller than L the instability cannot easily be observed. A proper length scale is given by the linear beat length, so that
We thus see from Eqs. (5) and (6) We now use Eqs. (5) and (6) enough for the instability to be observed. The required power, however, is higher than the TPA threshold, which is below 1.25 MW, so that it appears that the geometry in Ref. 1 cannot directly be used to observe polarization instability. One way to lower the instability threshold without lowering that for TPA is to reduce the birefringence Afnem. Equation (6) shows that the length scale over which the instability develops is then larger, thus setting a lower limit to Afnem.
In fact, a waveguide with Anem -2 X 10-4 would lead to a suitable geometry: Eq. (5) shows that the instability threshold is now lowered to -525 kW, at which TPA is not expected to be strong, while L -3 mm, small enough to be observed in a geometry as in Ref. As described by Brandenburg,"1 a small birefringence may be obtained by ion exchange in a melt consisting of an appropriate mixture of KNO 3 , NaNO 3 , and To illustrate our ideas, we show in Fig. 1 a numerical simulation of polarization instability in a waveguide with parameters as mentioned in the paragraph above. The initial profile is taken to be as close as possible to that in Ref. 1 . Following the numerical work by Blow et al., 7 the polarization of the initial profile is taken to be close to the fast mode (TEo). Figure 1 shows the power in this mode as a function of propagation distance z for three different power levels around the predicted onset of the instability (525 kW). Clearly, 350 kW (long-dashed curve) is too far below the onset for power exchange to the slow mode (TMO) to occur. Power exchange is more pronounced at 450 kW (shortdashed curve), while at 550 kW (dotted curve) approximately half of the power exchanges after 5 mm of propagation. A more nearly complete exchange can be obtained at yet higher power levels or for longer propagation distances. Our simulations also show that if the initial profile is polarized close to the slow mode, no power transfer occurs. Another probe of polarization instability is the transverse energy profiles in each of the modes. Numerical simulations of the evolution of such profiles can be found in Ref. 7 .
In conclusion, we have demonstrated that the polarization dynamics of the TEO and TMo modes in a waveguide is identical to that of the lowest modes in a birefringent optical fiber. This opens the way for observing polarization instability in a birefringent waveguide geometry and for the possible use of the observed modulation gain in optical fibers as, for example, in a waveguide-based optical amplifier. Our formalism allows us to derive conditions for the experimental observation of these phenomena and is best suited for geometries with just two (or, at most, a few) well-confined guided modes. It complements the recent work by Hayata et al., 8 who solve the full Maxwell equations for similar geometries. The use of such computationally intensive methods is justified when, like these authors, 8 one is considering a multimode geometry in which some modes are close to cutoff. However, we show here that polarization instability can arise from the interaction of just two guided modes, for which an envelope function approach is well suited.
